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32% of Americans develop an anxiety disorder during their lifetime. Anxiety disorders 
are characterized by elevated anxiety states that are sustained in the absence of stimulus. 
Pathological anxiety implicates neural circuits that involve multiple brain regions. One such 
region is the bed nucleus of the stria terminalis (BNST), also known as the extended amygdala, 
which has emerged as a hub in networks that regulate anxiety. The BNST is a functionally 
heterogeneous region involved in various motivated behavioral states. In order to disentangle the 
complex role of the BNST in motivational states, we sought to study a unique neuronal 
population. We used a transgenic mouse line to target a subset of BNST neurons that express 
prepronociceptin (Pnoc), a genetic precursor to nociceptin, which is a neuropeptide traditionally 
implicated in pain studies. While presenting olfactory stimuli with positive or negative 
associations, we measured behavioral responses such as approach and avoidance of the stimulus, 
overall locomotion, and physiological responses that are indicative of arousal states. We found 
that stimuli with positive and negative valences affected approach and avoidance behavior and 
physiological responses, specifically changes in pupil size. Using a custom assay, we presented 
olfactory stimuli to head-fixed mice while simultaneously measuring pupil diameter, locomotion, 
and calcium activity from PnocBNST neurons. From these experiments, we observed that in the 
presence of aversive synthetic predator odor 2,4,5-trimethylthiazoline (TMT), PnocBNST neuron 
activity, pupil diameter and locomotion increase.  Next, we used optogenetic tools to activate 
PnocBNST neurons while simultaneously measuring pupil diameter and body movement. 
Activation of these neurons led to increases in pupil diameter without accompanying increases in 
body movement. Taken together, these findings suggest that PnocBNST neurons are involved in 
driving autonomic responses often characteristic of anxiety-like states, further suggesting that 
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In the United States, 1 in 5 adults will experience a mental illness each year, leading to 
societal and personal consequences such as economic strain, increased risk of comorbid chronic 
health conditions, increased risk of homelessness, and increased risk of suicide (Mental Health 
by the Numbers, 2016). Thus, it is important to investigate underlying causes of mental illnesses 
to provide pathways to more effective treatments. One class of mental illnesses that affect 
Americans are anxiety disorders. Pathological anxiety disorders are due to faulty neural circuits 
that involve multiple brain regions (Insel, 2010). One such region is the bed nucleus of the stria 
terminalis (BNST), also known as the extended amygdala. BNST has been shown to drive 
aversion and avoidance behaviors in rodents (Jennings et al., 2013; Kim et al., 2013). An 
anxiety-related phenomenon that has not been thoroughly studied is the rapid changes in 
physiological arousal that occur in response to stimuli. However, the genetic heterogeneity of the 
BNST poses challenges for studying the region’s role in driving physiological arousal (Lebow 
and Chen, 2016). Thus, it is necessary to isolate cell types to discern their roles in modulating 
physiological arousal.  
BNST has been demonstrated to play many roles in regulating mood and motivated 
behaviors (Jennings et al., 2013; Kim et al., 2013). Genetic targeting is one way to disentangle 
functions of the BNST. Neuropeptide systems, for example, can functionally delineate the BNST 
(Kash et al., 2015). In the present study, we used a transgenic mouse line that allows us to target 
a unique population of neurons that express the genetic marker prepronociceptin (Pnoc). Pnoc is 
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the genetic precursor for the neuropeptide nociceptin, which has been traditionally studied for its 
role in pain sensitivity (Ikeda et al., 1998; Boom et al., 1999). Nociceptin has recently been 
implicated in studies of mood, particularly positive and negative emotional states (Witkin et al., 
2014; Toll et al., 2016). Given the relationship of Pnoc to nociception and that both positive and 
negative emotional states contribute to physiological arousal, we determined that Pnoc is an 
appropriate genetic marker to use and target a subset of BNST neurons. Furthermore, Pnoc is 
present across multiple mammal species, notably in both mice and humans, in a genetically 
conserved fashion that is an entry point into conversations about human behavioral health 
(Mollereau et al., 1996). 
To address the contributions of both positive and negative valences, or associations, to 
physiological arousal, we presented two different olfactory stimuli to drive arousal states and 
observed responses. We used 2,3,5-trimethyl-3-thiazoline (TMT) and peanut oil as negative and 
positive stimuli, respectively. TMT, a synthetic odor made from a component of fox feces, has 
been shown to modulate BNST activity (Janitzky et al., 2015). Therefore, we elected to use TMT 
as an olfactory stimulus associated with negative valence. Peanut oil has been previously used as 
an appetitive odor in rodent models, and in this study, was used as the olfactory stimulus 
associated with positive valence (Root et al., 2014). 
In the present study, we sought to understand the role of PnocBNST neurons in modulating 
rapid changes in physiological arousal. We hypothesized that Pnoc-expressing neurons in the 
BNST drive the rapid changes in physiological arousal that occur in the first few seconds after 
stimulus presentation. We conducted a series of experiments involving freely-moving behavioral 
assays, head-fixed assays, and optogenetic studies. We first established pupillometry as a 
technique to infer physiological arousal by relating pupil response to the presence or absence of 
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arousal-inducing olfactory stimulus. Next, we used 2-photon microscopy to investigate the role 
of PnocBNST neurons during states of elevated physiological arousal. Finally, we used 
optogenetic modification to understand the role of PnocBNST neurons in driving physiological 






Adult male Pnoc-IRES-Cre or wild-type (C57 BL6/J) mice were used for behavior 
experiments. Animals were able to freely access food and water and were kept on a 12-hour 
light-dark cycle. Experiments and care procedures followed the Guide for the Care and Use of 
Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of 
UNC Chapel Hill. 
 
Surgeries 
Mice underwent surgery as previously described (Otis et al., 2017). Briefly, mice were 
anesthetized with isoflurane (0.8% - 1.5%) and were given isoflurane continuously throughout 
the duration of the procedure. Mice were placed in a stereotax for surgery (David Kopf 
Instruments, Tujunga, CA). A cream was used for chemical hair removal (Nair, Church & 
Dwight Co., Inc., Ewing, NJ). Lidocaine was administered topically in the area of incision as a 
local anesthetic (2% Akorn, Lake Forest, IL). Lubricant was applied to the eyes to prevent 
dryness. We used microinjection needles (33 gauge) fitted with syringes (2 µL) with an infusion 
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pump (Hamilton Company, Reno, NV) to deliver virus unilaterally or bilaterally (500 nL per 
side) into the anterior dorsal area of the bed nucleus of the stria terminalis (adBNST). Animals 
used for calcium-imaging experiments were injected with AAVdj-Ef1α-DIO-GCaMP6s 
unilaterally into the adBNST (relative to bregma: +0.14 mm anterior, +/-0.95 mm lateral, -4.20 
mm ventral). Additionally, a microendoscope lens (Inscopix, Palo Alto, CA) was implanted to 
image cells (relative to bregma: +0.14 mm anterior, +/-0.95 mm lateral, -4.00 mm ventral). 
Animals used for optogenetic studies were injected with AAVdj-Ef1α-DIO-ChR2-eYFP 
bilaterally into the adBNST (relative to bregma: +0.14 mm anterior, +/-0.95 mm lateral, -4.20 
mm ventral), and were implanted with optical fibers bilaterally at a 10o angle (relative to bregma: 
+0.14 mm anterior, +/-0.95 mm lateral, -3.70 mm ventral). Animals used for behavior studies 
requiring head-fixation had stainless-steel head-rings (5 mm inner diameter, 11 mm outer 
diameter) attached to their skulls during surgery using either dental cement (C&B-Metabond, 
Parkell, Inc., Edgewood, NY) or self-tapping skull screws. All animals that underwent surgical 
procedures were given acetaminophen in their water for 2-3 days and recovered for 21 days prior 
to experiments. After experiments, all animals were euthanized and perfused. Coronal sections 
(40 μm) were taken using a cryostat. Sections were mounted onto glass slides and stained with 
DAPI. Sections were visualized to verify fluorescence and fiber placement.   
  
Behavior 
Freely-moving Odor Exposure 
Individual animals were placed in a modified open arena (Figure 1A). The arena was 
isosceles triangular, surrounded on all three sides by transparent plastic walls tall enough to 
prevent the mouse from jumping or climbing. A cotton swab carrying the olfactory stimulus was 
6 
 
placed at the most acute corner, which required the animal to maintain a certain head orientation 
during interactions with the stimulus. This head directionality allowed for pupil activity 
visualization in a freely moving animal by restricting the physical location of the eye. 
Mice were habituated to the open arena. Next, they were exposed to odors during three 
consecutive epochs of 5 minutes each. First, the cotton swab was unmodified. Second, the cotton 
swab carried water (2.5 μL distilled H2O). Finally, the cotton swab either carried TMT (2.5 μL, 
Forestry Distributing, Longmont, CO) or peanut oil (2.5 μL, Harris Teeter, Carrboro, NC). 
Transparent walls were used to allow us to record pupil activity with a camera at eye level. An 
infrared light (ThorLabs, Newton, NJ) was used to illuminate the recording frame, and an 
ultraviolet light (ThorLabs, Newton, NJ) was used to constrict the pupil to establish a uniform 
baseline diameter. Only the first 10 seconds of each epoch was analyzed using ImageJ 
(Schindelin et al., 2012).  
 
Head-fixed Odor Exposure 
A custom behavior setup was built for timed odor delivery to head-fixed animals (Figure 
2C). Mice were head-fixed over a turning wheel on which they could ambulate. A custom 
motorized conveyor belt delivered a cotton swab at timed intervals to nose-level. The cotton 
swab with the odor (water, TMT, or peanut oil) moved 25 cm for 6 seconds, remained at nose 
level for 10 seconds, then moved back over 6 seconds. Odors were delivered once per minute, at 
unequal intervals to prevent learning, for the duration of each trial. During these experiments, 
pupil size changes were recorded with a camera at eye level. The pupil was constricted and 
illuminated by an infrared light. 
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Mice were habituated to the set up in order to minimize physiological responses in the 
absence of odor. Then, for experimentation, mice were exposed to three consecutive epochs of 5 
minutes each. First, a dry cotton swab approached them five times. Second, the cotton swab 
carried water, approaching five times. Finally, the sequence was repeated with either TMT or 
peanut oil carried on the cotton swab. 
Custom Python code written by Randall L. Ung was used for pupillary measurements. 
Briefly, we measured pupil diameter by using the length of the horizontal sides of a bounding 
box fit around the pupil. This accounted for diameter both when eyes were fully open and when 
eyes were mid-blink. This data was processed with median filters to be de-noised. Code available 
upon request.  
 
Head-fixed calcium imaging 
During the head-fixed odor exposure, mice were also fixed under a 2-photon microscope 
(FVMPE-RS, Olympus, Center Valley, PA) attached to the surgically implanted microendoscope 
lens. The 2-photon imaging system utilized a hybrid scanning core set with galvanometers and 
resonant scanners (5 Hz), multi-alkali PMT and GaAsP-PMT photodetectors, green/red NDD filter 
cute, and a 20x objective (LCPLN20XIR, 0.45 NA, 8.3 mm WD, Olympus, Center Valley, PA). 
It was fixed with a software-controlled xy stage with a manual z-deck and the laser was a Mai-Tai 
Deep See laser (955 nm, ~100 fx pulse width, Spectra Physics, Santa Clara, CA). Mice were 
surgically injected 8 weeks prior to behavioral trials with a virus via the general surgery procedure 
described above that caused the Pnoc-expressing neurons in the BNST to fluoresce upon a calcium 
influx, allowing us to visualize action potentials (AAVdj-EF1α-DIO-GCaMP6s; 3.1 x 1012 
infectious units/mL; from Karl Deisseroth, in the BNST of Pnoc-Cre animals). Scanning was 
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triggered by an Arduino during each trial, and data was acquired and processed with FluoView 
FV1200 and CellSens (Olympus, Center Valley, PA). Calcium imaging data was extracted by 
constraint non-negative matrix factorization algorithms, which distill and denoise individual 
neurons from calcium data recordings (CNMF, Zhou et al. 2018). Identified neurons were further 
analyzed with Python-based custom data analysis pipelines written by Randall L. Ung. Code 
available upon request.  
 
Head-fixed optogenetics with pupillometry 
Animals were bilaterally implanted with optical fibers as described by the surgery methods 
above. Animals were habituated to head-fixation prior to experiments. While Pnoc neurons of the 
adBNST were optogenetically activated, the animal was restrained in a low-movement contraption. 
We monitored movement with a piezo piece under the mouse’s body and pupil size through a 
camera placed at eye-level. Sucrose (10% in 2.0-2.5 μL water) was delivered via a lick tube to 
allow animals to habituate to head-fixation.  
After habituation, Pnoc-Cre mice or wild-type mice that were injected with a Cre-inducible 
channelrhodopsin (ChR2) encoding virus (AAV5-ef1α-DIO-hChR2(H134R)-eYFP; 5.0 x 1012 
infectious units per mL) underwent optogenetic activation. A blue-light laser (473 nm, 8-10 mW) 
was turned on for 3 minutes at 5-ms pulses (20 Hz), and off for 3 minutes. Optogenetics data was 
analyzed using Prism 7 (GraphPad Software, Inc., La Jolla, CA).  
 
Results 
In order to test if PnocBNST neurons play a role in modulating physiological arousal, we 
presented two forms of arousing olfactory stimuli: TMT and peanut oil. We inferred 
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physiological arousal by assessing changes in pupil size. In order to establish that pupil size 
changes in response to arousing stimuli, we conducted an experiment with freely moving animals 
in a modified arena. Two groups of wild-type mice (TMT n = 4, PNT n = 4) were habituated to a 
triangular arena (Figure 1A). Pupil video was recorded as animals interacted with the cotton 
swab in the most acute corner of the arena (Figure 1B). After habituation, we added 2.5 µL of 
TMT or peanut oil to the swab. For both odors, water was the control. We selected the first 
interaction of each animal with the cotton swab (≤ 10 seconds) for analysis. Using a paired t-test, 
we found that pupil size rapidly increased between water and the olfactory stimulus for both 
groups (TMT: t3 = 3.604, p = 0.0367; PNT: t3 = 4.298, p = 0.0232; Figure 1C). This 
demonstrated that pupil size increases when mice experience physiological arousal. Therefore, 
we continued to use pupillometry to demonstrate physiological arousal in further experiments. 
In order to determine whether PnocBNST neurons respond during physiological arousal 
experiences, we imaged the neurons with 2-photon microscopy. PnocBNST neurons fluoresced 
during calcium influxes in GCAMP6s-expressing Pnoc-IRES-Cre animals (n = 7) during 2-
photon imaging. Animals were also implanted with a GRIN lens, a small optical lens that 
allowed us to image cells below the surface of the brain (Figure 2A-B). Animals were habituated 
to the novel behavioral setup (Figure 2C). After habituation, 2.5 µL of TMT (n = 4 animals, 401 
PnocBNST neurons) or peanut oil (n = 3 animals, 779 PnocBNST neurons) was added to the cotton 
swab. For both odors, water was the control. During the 10 second bout of close proximity to the 
odor, both TMT and peanut oil led to increases in neuron activity. Calcium imaging data was 
extracted using CNMF, as previously described in the methods section. Using paired t-tests, we 
found that both TMT and peanut oil increased the average calcium activity of PnocBNST neurons 
(TMT: n = 401, t400 = 2.8180, p = 0.0051; PNT: n = 779, t778 = 18.0421, p = 4.5469e-61). 
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Changes in pupil size (Figure 2D) occurred at the same time as the observed increase in overall 
PnocBNST neuron activity (Figure 2E), suggesting that PnocBNST neurons may drive 
physiological arousal. With the knowledge that PnocBNST neuron activity increases at the same 
time as physiological activity, we then sought to understand whether activating PnocBNST 
neurons would drive increases in physiological arousal. To control PnocBNST neuron activation, 
we used optogenetic techniques. ChR2-expressing Pnoc-IRES-Cre mice (n = 4) and control mice 
(n = 4) were surgically implanted with optical fibers bilaterally at the adBNST (Figure 3A-B). 
Expression of the ChR2 virus in Cre+ mice allowed us to use laser light delivery to directly 
activate PnocBNST neurons (Figure 3C). During laser-on stimulation (Figure 3D), Cre+ mice 
showed a greater average change in pupil size than Cre- mice (t6 = 2.616, p = 0.0398) that was 
not accompanied by a confounding increase in body movement, demonstrating that stimulation 




Figure 1. Exposure to odors in freely moving animals in a modified arena. A. Individual 
freely-moving animals were placed in a custom arena for freely-moving pupillometry. Walls were 
made of transparent acrylic in order to allow for pupil recording, and tall enough to prevent the 
animal from jumping out. The directionality of the experimental arena was designed to require the 
animal to face into the most acute corner during interactions with the odor. This placed the animal’s 
eye at the necessary position to be recorded. B. Screencap from pupil camera recording. Pupil 
frames were cropped from TIFF frames of the video and measured using ImageJ, then further 
analyzed using custom Python code. C. Exposure to both TMT (n = 4) and peanut oil (n = 4) led 






Figure 2. Exposure to odors in head-fixed animals. A. Animals (TMT, n = 4 animals; PNT, n 
= 3 animals) were injected with a virus that causes fluorescence of Pnoc neurons in the target 
region (anterodorsal BNST) during calcium influxes to indicate an action potential. Animals 
were also implanted with a lens to image adBNST neurons. B. Micrograph of calcium-labeled 
neurons obtained with 2-photon microscopy. Using CNMF, we were able to extract the calcium 
traces to track the activity of these cells. C. Individual animals were head-fixed over a moving 
disk. A mechanically-controlled conveyor belt brought a cotton swab carrying an odor source 
(water, TMT or peanut oil) near the nose of the animal on a timed cycle. A 2-photon microscope 
was connected to the implanted lens to record calcium influxes during the experiment. A camera 
at eye level recorded pupil size changes. D. During the 10 sec. of close proximity of the odor to 
the mouse, the standard deviations of pupil size in both TMT and peanut oil exposed mice 
increased relative to water. E. During the 10 sec. of close proximity of the odor to the mouse, the 
standard deviations of calcium activity in both TMT (n = 401 PnocBNST neurons) and peanut oil 






Figure 3. Optogenetic activation of BNST neurons. A. Animals were injected with a virus that 
allows for the photo-activation of Pnoc neurons in the adBNST. B. Micrograph of ChR2 
expression in Pnoc neurons of the adBNST in a Cre+ mouse. C. Animals were implanted with 
optogenetic fibers that could then be secured to fiber optic cables connected to a laser. Individual 
animals were constrained for the duration of the experiment while pupil activity was measured. 
D. Sample trace of a Cre+ mouse showing pupil size increases when the laser turns on. E. 
Percent change from baseline of pupil size and body movement in both Cre- and Cre+ mice. 
Optogenetic activation of Pnoc-expressing neurons in the BNST led to increases in pupil 
diameter when comparing Cre- (n = 4) and Cre+ (n = 4) mice. Animals did not show significant 







Physiological arousal is an aspect of anxiety responses. In this study, we investigated the 
relationship of PnocBNST neurons to rapid changes in physiological arousal. In clinical studies of 
patients with anxiety disorders, increases in pupil size were observed when subjects were 
exposed to anxiogenic stimuli (Price et al., 2013; Cascardi et al., 2015). We first demonstrated 
that pupil size changed in response to two arousing olfactory stimuli of opposite valence. Upon 
analysis of the first 10 seconds of interaction with each stimulus, we found that pupil size 
increased in response to both TMT and peanut oil, demonstrating that changes in pupil size 
adequately indicated physiological arousal. 
Second, we showed that calcium activity of PnocBNST neurons increased as pupil size 
increased, in the presence of both TMT and peanut oil. As described in the methods, we 
surgically infused a virus that enabled us to target PnocBNST neurons and have them express 
calcium indicator GCaMP6. Neuronal firing is accompanied by a calcium influx. Therefore, 
GCaMP6s allowed us to monitor the activity of PnocBNST neurons by assessing changes in 
calcium dynamics (Chen et al., 2013). When animals were head-fixed and exposed to either 
TMT or peanut oil, both pupil size and calcium activity increased during the 10 second period of 
closest olfactory stimulus proximity. This suggests that PnocBNST neurons are active during states 
of rapidly elevated physiological arousal. 
Finally, we sought to determine whether or not PnocBNST neurons were specifically 
involved in driving these increases in pupil size. To do so, we directly activated PnocBNST 
neurons using optogenetics. PnocBNST neurons were surgically targeted for expression of ChR2, a 
channel protein that leads to positive ion influxes, thus driving an action potential to occur, in the 
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presence of blue light at 473 nm (Nagel et al., 2003). During laser stimulation of PnocBNST 
neurons, we measured body movement in conjunction with pupil activity, because an increase in 
body movement can contribute to an increase in physiological arousal as inferred through pupil 
size (Vinck et al., 2015). We found that when PnocBNST neurons were directly stimulated via 
laser, pupil size increased without an accompanying increase in body movement. Thus, we 
inferred that the increase in pupil size following optogenetic stimulation was specifically a result 
of the direct activation of PnocBNST neurons. Taken together, our findings suggest that PnocBNST 
neurons play a role in modulating rapid changes in physiological arousal. Physiological arousal 
is an autonomic response that is part of emotional states, including pathological anxiety (Lang 
and McTeague, 2009). From this, we conclude that PnocBNST neurons contribute in a unique 
fashion to the BNST’s role in the neural circuits that regulate anxiety by assisting with the 
modulation of arousal-related components of anxiety.  
This study would benefit from modification or expansion at multiple stages. Using the 
two-photon imaging, we were able to observe an overall increase in PnocBNST neuron activity 
during exposure to arousing odors. The nature of the data collected during this imaging allows us 
to distinguish between excitation and inhibition of single-cell responses. In future studies, this 
data could be analyzed more thoroughly in relation to the odors of different valences.  
During two-photon imaging, we focused on assessing changes in physiological arousal by 
analyzing the first 10 seconds of interaction, in order to investigate the rapid changes in arousal 
before avoidance behaviors arose. However, during the optogenetics experiment, we did not see 
these comparable changes in pupillary response until approximately 30 seconds into laser 
stimulation of Cre+ mice. One factor that could explain this discrepancy is the frequency of the 
laser (20 Hz). In future experiments, using a dose-response curve could allow us to optimize the 
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laser frequency, to assess if different, particularly higher, laser firing frequencies would lead to 
more rapid changes.  
A limitation of this study is the lack of further disentanglement of BNST functions. We 
observed that both positive (peanut oil) and negative (TMT) stimuli lead to the same arousal 
responses and changes in PnocBNST activity. Previous research has noted the convergence of 
multiple pathways, including those of opposing valences, on the BNST as a whole region 
(Lebow and Chen, 2016), so the additional evidence obtained through this study suggests that 
multiple neural pathways could converge upon PnocBNST neurons specifically. Response to 
stimuli with positive valence may also suggest that PnocBNST neurons are also involved in 
regulating arousal outside of anxiety states (Lebow and Chen, 2016). One possible method to 
further address this would be the introduction of a third, neutral odor. If a neutral stimulus, when 
compared to peanut oil and TMT, does not lead to similar pupillary responses, this would 
strengthen the hypothesis that it is valence-specific neural networks which converge on PnocBNST 
neurons. However, these conclusions are beyond the current scope of this study. More research is 
needed to specifically disentangle circuitry involvement of PnocBNST neurons. 
This study discusses one likely role of PnocBNST neurons, but it is reasonable to suggest 
further subdivision or specialization based on genetic marker overlap (Lein et al., 2006).  Future 
research could reveal more details about the roles and functions of different types of PnocBNST 
neurons. Tracking PnocBNST neuron projections could better inform us about how PnocBNST 
neurons fit into the greater function of the BNST, particularly related to the BNST’s role in 
signal integration (Lebow and Chen, 2016). Furthermore, genetic heterogeneity in the BNST has 
been historically noted (Lein et al., 2006; McHenry, Rubinow and Stuber, 2015; Lebow and 
Chen, 2016). Genetic heterogeneity complicates attempts to understand the BNST’s role in 
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neural circuitry, particularly those involved in regulating emotional responses. Our choice to 
target Prepronociceptin was grounded in previous research that identified nociceptin as a target 
relevant to anxiety states (Witkin et al., 2014; Toll et al., 2016), but other genetic subtypes can 
be identified that overlap and include Pnoc (Lein et al., 2006). Future studies may also include 
single-cell imaging to assess genetically identifiable subtypes of PnocBNST neurons. Alongside 
further research, the contributions of this study leads us to a better comprehension of the BNST’s 
function in regulating rapid changes in physiological arousal which may lead to deeper 
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